-8 mm -3 /N m, respectively. Through Raman spectroscopy and electron microscopy it was confirmed the carbon-carbon contact, due to the tribolayer formation on the wear scars of the coating and pin. In order to further corroborate the experimental observations regarding the graphitisation behaviour, the existing mathematical relationships to determine the graphitisation temperature of the coating/steel contact as well as the flash temperature were used.
Introduction.
The quality and functional characteristics of many engineering applications is determined by superimposed mechanical loads and particular requirements on their surface, such as wear resistance or low levels of coefficient of friction (CoF). The use of thin films as the non-stoichiometric hydrogenated amorphous carbon (a-C:H), also named hydrogenated diamond-like carbon (H-DLC), has become widespread for the improvement of performance/life of steel components [1, 2] , in which specific properties at particular locations are needed without compromising the bulk material strengths.
Furthermore, these coatings are also being used as solid lubricants in the industrial field to improve tribological behaviours of machine components under very clean atmospheres or where fluid lubricants are not permitted. The progressive acceptance of these coatings for the above purposes is due to the mechanical, chemical, electrical and optical properties they exhibit [3, 4] . The deposition of DLCs is commonly obtained by plasma decomposition of a hydrocarbon-rich atmosphere at low substrate temperatures and high deposition rates. The latter is a major advantage for most steels because the annealing temperature is not reached (<200 °C), therefore substrate hardness is not affected.
In spite of the outstanding properties of DLC coatings, the CoF and wear mechanisms depend significantly on the deposition method/parameters [1, 5] , variation in environment, either in vacuum or room atmosphere [6] , relative humidity [7] , the substrate and counterbody materials, the various coating architectures such as multiple or gradient layers, and very importantly, the wearing conditions, i.e. under dry, water, oil or a combination of these [8, 9] . In the case of unlubricated conditions, the influence of loading and sliding velocity on the CoF and wear rates becomes essential. Sharma, et al. [10] put forward variations in the CoF and wear for different loads on the Steel/DLC pair, under ambient and dry conditions,.. The CoF decrease with the increase of normal load for short sliding distances, and for long sliding distances, the CoF decrease with the decrease of normal load. Upon the steady state there seems to be a convergence in the CoF values ranging from 0.05 to 0.2. Meanwhile, wear rates increased with the increase of load. Similar trends were also identified in similar, previous research [11] [12] [13] . In contrast, Mo [14] reported very little influence of the normal load on the CoF of a WC/C coating tested under reciprocating sliding against pure titanium. The CoF values found were 0.13 upon the steady state. Therefore, the correlations between tribological performances of a particular DLC and operational conditions have a considerable importance for any possible application for certain machine components. Nevertheless, research has mainly focused on the modification of the physical properties of the new DLC coatings [15, 16] and their evaluations from the tribological and environmental points of view [17] . On the whole, the studies on friction and wear of WC/H-DLC´s for different applied contact pressures and under dry conditions are scarce.
From the number of techniques to deposit hard DLC films, plasma enhanced chemical vapour deposition process (PECVD) is extensively utilised due to the nature of the hydrocarbon gas used as the coatings incorporate more sp 2 and H bonds which make the films softer than the majority of tetrahedral ta-C counterparts? [2, 18] . Furthermore, reactive magnetron sputtering is a relatively new technology that combines magnetron sputtering and PECVD to increase hardness and provide better wear resistance and low friction values in the coated steels [19, 20] .
In order to elude the detrimental environment effect of the mating surfaces and to carry off the heat generated through friction, lubrication processes have been successfully used and are designed to influence the friction and wear behaviour of surfaces in contact. However, it is well known that hydrogenated DLC coatings do not react with various lubricants, mainly oil and additives, because of their low surface energy and the lack of attracting polar groups from such oils and additives [21] . In this regard, much research has focused on the synergistic action between carbon-based coatings and new environment-friendly lubricants (lower S and P contents), in the boundary lubrication regime, but it is apparent that the tribological behaviours of DLCs under lubricated conditions are still indistinct [22, 23] . Therefore, since the reactivity of the oil varies with friction surface, the combination of a tribo-coating operating under a lubricated condition is still an aspect under investigation. Thus, while the coefficient of friction has been found higher for the combination of steel/steel compared to the a-C:H/steel combination, there are some cases where the former combination is lower than the latter [24] .
It is clear that with the introduction of DLC coatings in existing engineering systems, the main objective for their effective application is to ensure a consistent performance under dry and oillubricated conditions. In this context, some of the important studies have been carried out with quite controversial outcomes and/or are not practical for industrial applications because the election of normal loads and sliding velocities are away from real engineering conditions. Evidently, some of these discrepancies may result from different and varying DLCs under investigation. In light of the aforementioned, in this study, a hydrogenated DLC coating has been investigated for its film forming, friction and wear performance in dry sliding under different normal loads. As far as the authors know, there is no study on tribological characteristics of an H-DLC coating with the same composition of layers that resembles the present H-DLC coating architecture. Understanding of the tribological behaviour of this particular coating with the appropriate working conditions will enable expansion in mechanical components coated with functional coatings. sensitive metallic materials such as the steel used in this study. The substrates were cleaned by Ar+ plasma using pulsed DC bias prior to deposition of the adhesion layer. The thickness of the coating was determined by means of the abrasion ball cratering technique utilizing a Calotester apparatus (tribotechnic, France). The total thickness of the a-C:H layer was 2.8 ± 0.2 m. The compressive residual stress of 0.9 ± 0.05 GPa was determined through substrate deflection before and after H-DLC film deposition on a pure Si wafer. Similar values for this type of coatings were put forward in [25, 26] .
Materials and experimental procedures
The stresses were calculated by using the Stoney equation [27] :
Where Es is the substrate Elastic Modulus =169 GPa [28] , is the Poisson´s ratio (0.28) [28] , ts is substrate thickness (0.4 mm), T is the DLC total coating thickness, h -ho are the maximum deflections of the substrate, before and after the film deposition (a value of 16 m was measured using white light interferometry), and L is the length (16.7 mm). The thickness ratio h/ts ≈ 5%. 
Coating characterisation
A surface roughness of 18 ± 5 nm for this film was evaluated using two-dimensional contacting profilometry (Talysurf5, Taylor-Hobson, UK). Surface roughness data of 8mm trace was analysed to the least square line, with Gaussian filter, 0.25 mm upper cut-off and bandwidth 100 ÷ 1. The hardness and the reduced elastic modulus were evaluated by depth-sensing Nano-indentation using a Nano Test 
Tribological tests
Sliding friction and wear tests of the H-DLC under dry and lubricated conditions were carried out on a pin-on-plate tribometer (Cameron Plint TE77 reciprocating friction rig) in linear/bidirectional motion (Fig. 2 ). This is a bespoke platform for tribological studies under diverse load and heating conditions.
The horizontal friction force is measured by the load cell which is a piezo-electric transducer that 6 converts the analogue signal into a digital one which is then processed by Labview software. A stainless steel bath is heated by four electrical resistance elements connected to a block positioned below this bath, the heating is then controlled by a thermo-couple that regulates the temperature according to a user defined magnitude. The tribological experiments were carried out using a loaded pin and reciprocated against a stationary H-DLC coated steel in air at ambient temperature. Figure 2 . Overview of the reciprocating pin-on-plate set up.
Prior to experimental set up, all holders (both for the sample and for the pin) were sonically cleaned in acetone for 20 min. This procedure was also utilized for the cleaning of samples and pins. Pins were AISI 52100 steel of 20 mm in length, diameter of 6 mm with semi spherical ends of 110-120 mm in radius. The stroke length was set up to 5mm. Material properties are detailed in Table 1 . Friction force data was collected every 5 min (1000 data points) for 6 h. To evaluate friction, tests were repeated at least three times for a particular load. To predict tribological behaviours of H-DLC coatings that will be applied to machine components, the correlations between tribological characteristics of particular H-DLCs coatings and working conditions are of paramount importance. Accordingly, the pin-on-plate configuration, pin semi spherical ends, and the range of normal loads used were intended to emulate the sliding conditions of a piston ring contact of internal combustion engine [29] . The initial Hertzian contact pressure used in this study and the experimental running conditions are shown in Table 2 . Table 2 . Experiment conditions.
Experimental conditions Magnitude
Load ( At the start of each test, the plate and pin were sonically cleaned using acetone to degrease and remove any impurities from the surface. Then, they were weighed using a Mettler Toledo AT21 micro-balance with an accuracy of 1 g. Both samples and pins were again weighed to determine the volume loss. The specific wear rates for the worn parts of the tribocouple were calculated using the Archard relationship:
where K is the 'Archard coefficient' which is used as an index of wear severity (mm 3 N -1 m -1 ), W is the normal load (N), S the sliding distance (m), VL the loss volume (m 3 ).
Post wear analysis was also carried out using white light interferometry on a Bruker NP FLEX instrument. Measurements were taken on vertical scanning interferometry mode, scan speed of 1 and 2.5X magnification.
Optical microscope, Scanning Electron Microscope (SEM), Atomic Force Microscope (AFM)
and Raman spectroscopy A Leica optical microscope DM6000 was employed in this study to analyse the worn regions for both and amorphous graphitic G peaks) both for the coating structure before and after sliding. The scan range from 800 to 1800 cm -1 was applied to identify the carbon peaks. Data was fitted with a Gaussian line shape in order to show the G and D peaks positions and the ratio of peak intensities. The ratio ID/IG was considered as an indicator of the carbon sp 2 /sp 3 structure and also transfer layer structures. Curve fitting was done considering Full-Width at Half-Maximum (FWHM) as constraint.
Results and discussion

Coating characterisation
The chemical composition in depth showing complete information of the relative interlayers as well as their thickness is shown in Fig. 3 . The cross section of the sample (Fig. 3a) shows the duplex layer compound. The surface layer is composed by carbon and hydrogen (the latter not shown) because of the hydrocarbon precursor acetylene, used to deposit the a-c:H. In Fig. 3b , there is an increase in the intensity on the interlayer region (1. > 80 N for the present coating, which is a more than acceptable value for industrial applications [30] .
Despite of the coatings' high hardness, it is clear that there is a plastic deformation along the groove and because there is no evidence of any spallation event or adhesive failure, it can be suggested that the chromium deposited as the adhesion layer between the DLC layer and the substrate, allowed for the relaxation, to a certain extent, of the compressive residual stresses while the ductility to resist the interfacial fracture improves. Although hardness is a material property usually considered as crucial to define wear resistance, the elastic modulus also protrudes on wear behaviour, specifically, the elastic strain to failure, which, according to Leyland and Mathews [32] , is related to the ratio of hardness (H) and elastic modulus (E).
Thus, the H/E ratio is hypothesised to be an indication of the wear rate of the film, described as the deformation relative to yielding. Values of H and E* E* = E / (1 - (Fig. 8a ) and reduced contact area between the interfaces. Due to sliding, the rough surface features smoothen as a result of the elastic and plastic effects of the frictional forces acting on the coating, which in turn increase the contact area that is strongly associated to the CoF, specifically its appearance and surface hardness corresponding to the deformation resistance of the contact area (recalling the well-known relationship
, where A would be the real contact area, the shear strength of the junction, F the applied normal load, and H the mean pressure on an asperity or simply the local hardness of the material). As the sliding continues, the slightly decreasing trend of the CoF is linked, on one hand, to the low magnitude of the applied normal load, which produces a certain amount of friction-induced localized heating and melting of the contact asperities, which may slowly but progressively generate an amorphized transfer layer capable of contributing in the reduction of the CoF [35] . The surface roughness of selected specimen at the end of the sliding is shown in Fig. 8b . τn the other hand, the elimination of free -bonds on sliding surfaces also determines the levels of reduction in friction. Here, atomic and/or molecular hydrogen within the coating (interstitially accommodated within the H-DLC structure), continuously replenishes and terminates the -bonds that were inherently exposed by the dynamic contact [36] . In contrast, the corresponding frictional features for higher loads, namely, 30-50 N loads exhibited a decreasing trend of the CoF from the running-in stage. In this regard, the contact pressure is higher and temperature between the pin and the coating goes up because of the higher pushing forces, and thus, roughness asperities plastically deform with bending and drawing movements; and as a result, there appears to be a rapid development of a graphite-like lubricious tribolayer. In addition, when higher loads are applied on the coating surface, it has been reported that self-alignment of graphitized/amorphized tribolayer and effective passivation of dangling bonds by scattered hydrogen atoms and/or molecules in ambient atmosphere contribute in the lessening the CoF [11, 36, 37] . In Fig. 8c , the worn surface at the end of the sliding is shown. Regardless of the initial tribological discrepancies, it is very distinguishable in . The inset graph shows the average CoF values for both the initial and the steady-stages versus applied loads.
The maximum average value of the steady-state coefficient of friction was 0.21, under a normal load of 10 N and a minimum average value of 0.13 was obtained for a normal load of 50 N. These levels of CoF resemble to those put forward in [38] , under similar preparation and test conditions. In comparison, other studies under similar conditions [26, 39] showed steady-state values that ranged from 0.25 to 0.6, which are higher than those in the actual study. Furthermore, in [40] It can be established that the coating deforms plastically and bends into the coating-remains and also transfers to the counterbody as will be shown later in this section. These finding agree with the scratch results, i.e. there is plastic deformation observed at the formed groove by the continuous increase of the load up to a critical load greater than 80 N without brittle crack or interfacial spallation. It seems to be apparent, that ductility of the duplex-layered coating allowed for an effective relaxation of the residual stresses (< 1 GPa as mentioned in section 2.1) provoked by the chromium layer, which indeed minimized the crack induced surface and interfacial fracture. sliding. The reduction in specific wear rate seems to be abetted by the formation of a transfer layer on the counter-layer, because of structural transformations triggered by the normal load applied during the sliding. Among these structural effects, the re-crystallisation process becomes very active at the contact interface in such a way that, due to the reciprocating sliding, a re-orientation of the re-crystallised layers brings the basal planes parallel to the top surface of the coating with the consequent reduction in the wearing rate [41] . Specifically, the sliding-induced localised annealing at the contact asperities, likely causes a gradual destabilization of the carbon-hydrogen bond in the sp 3 tetrahedral structure and as a result, a transformation of this sp 3 structure into a graphite-like sp 2 structure takes place [11] .
These changes in the chemical behaviour of the near-surface structure of the worn coatings were characterized by Raman spectroscopy and are shown in Fig. 11 . The spectrum taken from the wear tracks of the high frequency peaks (G) have shifted to a higher frequency nearing the graphite frequency. Particularly, if it is considered that hydrogenated DLC Raman spectra are commonly composed of the high and low frequency peaks oscillating at 1540 cm -1 for the graphite-like sp 2 -bonded carbon and 1360 cm -1 for the sp 3 -bonded phase [9] . There is also an increase in the intensity of the low frequency peak due to D band graphite contributions, since the ID/IG ratio is also proportional to sp 2 /sp In addition, because of atmospheric contamination, it is well-known that effective passivation takes place, i.e. the internal hydrogen atoms in the coating strongly interact with the external micro molecules of water present in the humid environment, provoking a strong adhesion mainly caused by the capillary force induced union. This should result in a high wear rate due to the elevated adhesion, but as observed in Fig. 10 , there is a clear reduction in the wear rate as the load rises just like it occurred for the CoF (Fig. 7) . As expected, under dry conditions, the aforementioned graphite-like sp 2 structure contributed to the transfer of C from H-DLC to the steel pin with a consequent reduction in the adhesion and friction due to the fact that the contact was carbon-on-carbon rather than carbon-onsteel. This was verified, firstly, by measuring the wear depth of the H-DLC coating at the end of the sliding tests. The coating presented DLC after the rubbing and also there was no transferred material from the steel pin to the coated plate as can be observed in Fig. 12 . The top of the a-C:H was partially worn holding approximately 0.6 µm thickness with carbon and tungsten to a lesser extent. The Cr interlayer remained intact for all applied loads. And secondly, Raman analyses were carried out on the wear surfaces of the plates (Fig. 11) , these appeared to have a tendency to a graphitic character, which clearly indicates the carbon nature of the tribolayer formation at the contact. Secondly, by analysing the transfer layer on the wear scars on the AISI 52100 steel pins. Raman spectroscopy was utilised to identify the tribolayer formations on these counterparts. The spectra were measured on the several zones of the wear scars and a representative spectrum of two different loads is shown in Fig. 13 . Evidently the signals are dissimilar to those taken on the wear tracks of the coated plates (Fig. 11) . This is because the quantities of transferred carbon to the steel pin are much lower than those present in the deposited bulk carbon film on the steel plate, and therefore, the thickness of transferred material appears to be non-homogeneous as can be seen in the inset picture of the wear scar on the steel pin in Fig. 13 . In the same inset image, it is observed that dark-grey transfer layers are present on the wear scar and along the sliding direction in the shape of long stripes. It also can be corroborated from the signals depicted in the same Fig. 13 , as the intensities were very much lower than those for the plate worn tracks, which suggests that the amount of graphite formed was rather limited. In addition, the Raman spectra of the transferred layer exhibited two broad and strong peaks with wave numbers oscillating at 1589-1609 cm -1 and 1328-1358 cm -1 . These peaks are close to the G and D band peaks of the natural graphite and their shapes resembles that of highly disordered graphite [15] . Therefore, the surface of the coating wear track and the tribolayer formations on the pin wear scars appeared to have a graphitic character, confirming the carbon-carbon contact. . The inset image shows the wear scar on the steel pin for a 40 N applied load.
Phase transition analysis
There is a strong indication of DLC coating graphitisation from prior observations as well as from the correlations between friction and wear behaviours. Under dry sliding conditions, temperature and high contact stresses appear to be central in the breakdown of the hydrogenated DLC coating [30] . The rationale comes out of the pressure induced temperature at the sliding contact; the hydrogen atoms are unbound from the diamond-like matrix and as a result, feebly hydrogen-depleted sites turn out. This weak surface is then deformed by the high contact stresses turning into a graphitic structure (from sp 3 bonded carbon to sp 2 bonded carbon) which favours a reduction of friction [42] . The carbon transition temperature for hydrogen desorption mostly depends on the initial hydrogen content and the sliding contact pressure. As a qualitative account on the transition observed in this study, the Clapeyron law [43] can be used for the present discussion. It states that, the increase of Hertzian contact pressure leads to a decrease in the graphitisation temperature as long as the specific volume of hydrogenated coatings is higher than the dehydrogenated coatings, which can be mathematically expressed by the following relationship:
Note that vi > vf because if the density of a hydrogenated film decreases when the hydrogen content increases, then dP/dT < 0.
Where L is the transition phase energy of diamond (15.6 x 10 4 J/kg) [43] , vi is the hydrogenated film specific volume (from vi = 0.294 x 10 -3 to 0.416 x 10 -3 m 3 /kg, depending on the amount of hydrogen incorporated in the film), vf is the dehydrogenated film specific volume (vf = 0.284 x 10 -3 m 3 /kg) [44] and T is the transition temperature of coating in vacuum (around 400 °C [45] ). The solution of the differential equation (3) When all the above parameters for the present study are used in Eq. (4), it can be shown that the phase transition temperature of the H-DLC coating decreases with an increase of contact stress but also decreases abruptly with an increase of hydrogenated coating specific volume, as illustrated in Fig. 14 .
Specifically, if it is taken into account that the mass density of H-DLC oscillates from 1.9-3.0 g/cm 3 [46] , it can then be considered a density of 2.5 g/cm 3 (0.4 x 10 -3 m 3 /kg) for the actual coating. In the process, the transition temperature can be decreased to 300 -325 °C, for contact stresses ranging from 0.1 -0.2 GPa, i.e., when the applied normal loads vary between 10 and 50 N. In order to determine if the surface temperature of the two sliding bodies in contact is sufficiently high as to reach the graphitisation temperature, the following flash temperature relationship [11] can be used to estimate an approximate of the induced temperature rise due to the frictional heat at the contact area.
where µ is the coefficient of friction, P is the applied load, v is the sliding velocity, K1 and K2, are the thermal conductivities of the coating and the steel pin, J is the Joule´s constant (J = 1), a is the contact radius of the real contact area, and H is the measured hardness of the H-DLC coating. Using Eq. (5) and the actual experimental data, the calculated surface temperature rise when the applied load varies are enumerated in Table 3 . The calculated flash temperatures eased the graphitisation process for the applied loads of 30 -50 N, due to the fact that exceeded the phase transition temperatures (~325 °C). This result appears to agree with the frictional behaviour shown in Fig. 7 , since for such loads the very initial values of CoF exhibited a slowly decrease to almost constant value during the following sliding distance, which could be an indication of an early graphitisation degree of the H-DLC surface layer. In the case of the loads 10 and 20 N, the calculated temperature rise at contact asperities was lower than the calculated graphitisation temperature. These results also seemed to agree with the frictional tendencies for such loads, since the CoF slowly increase to a maximum and eventually decrease to almost constant value (Fig. 7) . The estimated flash temperature is high enough to change the state of the contact interfases in the way of desorbed hydrogen. Therefore, the edge sites multiply themselves and there is an increase in the adhesion of the tribopair. This may explain that increasing values of CoF. As the sliding continue and since there is hydrogen on the friction track, hydrogen desorption from the surface is also progressive generating inactive sites and in consequence CoF reduces. The extremely unstable carbon atoms from the active sites may attempt to form more stable structures, but because of the contact stress, the active surface can be dislocated facilitating the transformation of the sp 2 structure on the surface of the coating. In addition, it has been analysed in previous research [48] that the presence of wear debris in the tribopair´s interface can promote the graphitisation of amorphous hydrocarbon molecules, by virtue of a rise in the Hertzian contact pressure at surface asperities, which brings down the transition temperature.
Conclusions
A hydrogenated Diamond-like Carbon has been characterised both prior to, and following tribological 
